The effect of different basis sets for calculation of the spectroscopic constants of the ground state of sulfur monochloride ͑SCl͒ was analyzed using scalar relativistic multireference configuration interaction with single and double excitations plus Davidson correction. Then the generally contracted all-electronic correlation-consistent polarized valence quintuple zeta basis sets were selected to compute the electronic states of SCl including 12 valence and 9 Rydberg ⌳ − S states. The spin-orbit coupling effect was calculated via the state interaction approach with the full Breit-Pauli Hamiltonian. This effect splits these ⌳ − S states into 42 ⍀ states. Potential-energy curves of all these states are plotted with the help of the avoided crossing rule between the electronic states of the same symmetry. The structural properties of these states are analyzed. Spectroscopic constants of bound excited states that have never been observed in experiment are obtained. The transition dipole moments and the Franck-Condon factors of several transitions from low-lying bound excited states to the ground state were also calculated.
I. INTRODUCTION
This paper is intended to extend our previous study of sulfur-containing diatomic molecules SF ͑Ref. 1͒ and BS ͑Ref. 2͒ to the SCl radical, which has a valence electron structure similar to SF but has not been well studied. Willner 3 first observed the IR spectrum of SCl prepared by photolyzing sulfur dichloride in a Ne matrix, obtained the fundamental vibrational frequency ͑ e = 574.2 cm −1 ͒ of 32 S 35 Cl, and compared the results with data from isoelectronic molecules. Later, Yamada et al. 4 and Tiemann et al. 5 studied the high-resolution IR diode laser spectra of SCl, determined the fundamental vibrational energy of the ground state of 32 S 35 Cl ͑X 2 ⌸ 3/2 ͒ as 574.61 cm −1 , and provided a series of spectroscopic constants. Lee et al. 6 observed that the SCl radical could also be generated from photodissociation of S 2 Cl 2 at 308 nm. Howe et al. 7 performed the first and only observation of excited electronic states of the SCl radical using resonance-enhanced multiphoton ionization spectroscopy.
In recent years, with the development of quantum chemistry and computer science, it is possible to study the detailed electronic state structure of small molecules with high accuracy through ab initio calculation. Machado et al. 8 calculated the 15 lowest-lying doublet electronic states of SCl using the multireference configuration interaction ͑MRCI͒ correlation treatment. This is the first theoretical study of this radical. Denis 9 studied the spectroscopic constants of the ground state of SCl using the coupled cluster ͑CC͒ and densityfunctional theory ͑DFT͒ correlation treatments and different basis sets.
Most previous experimental and theoretical studies focused on the ground and a few low-lying excited states, and also did not include detailed studies of the effect of spin-orbit coupling ͑SOC͒ on the electronic state structure. It is well known that the SOC effect plays an important role in the spectroscopy and dynamics of molecules, even for atoms as light as S and Cl. Experimental data show that the SCl radical has a stronger SOC effect than SF, as might be expected from the replacement of F by Cl. indicate that SOC will strongly affect the shape of the potential-energy curves ͑PECs͒ of SCl.
The main goal of this paper is to study the electronic state structures and the transition properties of the entire 42 ⍀ states generated from the 12 valence and 9 Rydberg ⌳ − S states of SCl. As in our previous work, 1,2 we used the internally contracted multireference configuration interaction with single and double excitations plus Davidson correction [11] [12] [13] ͑MR-CISD+ Q͒ for single point energy calculations. At the present time, MR-CISD+ Q is still the most stable and reliable method for high accuracy calculation of electronic state structure, [14] [15] [16] especially for large bond length problems. PECs and spectroscopic constants were fitted after considering the avoided crossing rule between states of the same symmetry. The transition dipole moments ͑TDMs͒ and the Franck-Condon ͑FC͒ factors of the transitions from several low-lying bound excited states to the ground state were also calculated.
II. COMPUTATIONAL DETAILS
The first calculations were carried out ignoring the effect of SOC so that when this was added later it would be clear what a large effect it has on the true spectral distribution of the molecule. Single point energies of different states were calculated with the MOLPRO ab initio program, 17 package release 2002.6, on a dual AMD Opteron workstation ͑64 bit͒. To minimize the errors caused by basis set truncation, rather large Gaussian-type all-electron correlation consistent polarized valence quintuple zeta ͑cc-pV5Z͒ basis sets were chosen for both atoms ͑20s12p4d3f2g1h͒ / ͓7s6p4d3f2g1h͔ ͑Ref. 18͒ in the calculations of ⌳ − S states. The detailed analysis of the effect of different basis sets on the calculated spectroscopic constants of the ground state of SCl are presented in the next section.
Because of a limitation of the MOLPRO program package, all the calculations were carried out in the C 2v symmetry. For a series of bond lengths ͑0.05 Å interval͒ of SCl, the ground-state molecule orbitals ͑MOs͒ were calculated first using the Hartree-Fock ͑HF͒ self-consistent field ͑SCF͒ method. Similar to the valence electronic structure of SF, the ground X SCl when a lower symmetry is used in this step. In C 2v symmetry, the partly occupied 4 orbital has 4B 1 and 4B 2 components that are not degenerate as they should be. In order to avoid this splitting and balance the 4B 1 and 4B 2 orbitals, we added an electron in the 4 orbital to form SCl − on which we can perform a restricted HF ͑RHF͒ SCF calculation. The use of impure orbitals is avoided and correct RHF MOs can be generated for SCl − . Because a number of states with different characteristics in the wave functions will be considered simultaneously, it is important to generate balanced orbitals for use in subsequent correlation calculations. For this propose, the state-averaged complete active space SCF ͑CASSCF͒ calculations for the 21 lowest ⌳ − S states of the open-shell neutral SCl radical were carried out using the previous RHF orbitals of SCl − as the starting values for orbital optimization to guarantee the required degeneracy of the relevant states. Utilizing the CASSCF energies as reference values, the energies of these ⌳ − S states were computed using internally contracted MR-CISD+ Q electronic correlation. In the CASSCF and subsequent electronic correlation calculations, the seven outermost MOs were selected as the active space, including three A1, two B1, and two B2 symmetry MOs. The outermost nine electrons were placed in the active space and did not restrict the excitation type. This means that the program performed full CI calculation in the active space, while still just considering single and double excitation in the external orbitals. The four electrons in the 3s ͑S͒ and 3s ͑Cl͒ shells were put in the closed shell. These closed shells were doubly occupied in all reference configuration state functions, but still were correlated through single and double excitations. The rest of the inner electrons were kept frozen and not correlated. That is to say, there are altogether 13 electrons in the correlation energy calculations.
Scalar relativistic effects were taken into account using the second-order Douglas-Kroll 19, 20 one-electron integrals. The SOC effect was treated by the state interaction approach with the full Breit-Pauli Hamiltonian ͑H BP ͒, 21 so that the spin-orbit eigenstates were obtained by diagonalizing Ĥ el + Ĥ SO in a basis of eigenfunctions of Ĥ el . Ĥ el was obtained from the MR-CISD+ Q calculation, while Ĥ SO was obtained from CASSCF wave functions with the same cc-pV5Z basis sets but entirely unrestricted and with the g and h functions removed because the spin-orbit integral program in MOLPRO is restricted to basis functions with l ഛ 3 ͑f functions͒. This reduces the computational costs drastically but without losing much accuracy. 21 Connecting the calculated points with the aid of the avoided crossing rule, we plotted the PECs.
From the PECs of the bound ⌳ − S and ⍀ states, the spectroscopic constants, including the equilibrium internuclear distance ͑R e ͒, the harmonic and anharmonic vibrational constants ͑ e and e e ͒, the rotational constant ͑B e ͒, and the adiabatic relative electronic energy referred to the ground state ͑T e ͒ were evaluated by numerical solution of the onedimensional nuclear Schrödinger equation using Le Roy's LEVELprogram. 22 The dissociation energy ͑D e ͒ was obtained by subtracting the molecular energy at R e from the energy at a large separation.
III. RESULTS AND DISCUSSION

A. The effect of different basis sets
Using the method described above, we investigated the performance of various correlation consistent basis sets on the spectroscopic constants of the ground state X 2 ⌸, which is the only state of SCl for which experimental values have been determined. These basis sets were obtained from the extensible computational chemistry environment basis set database. 23 The results together with previous theoretical and experimental data are collected in Table I 8 also used the cc-pV5Z basis set in their MRCI study of SCl, the difference between their and our results with the same basis set may be caused by the Davidson correction and the choice of the active space. Comparing all these results with the experimental values, we chose the cc-pV5Z basis sets for our further calculation of excited states and potential-energy curves.
B. Results and analysis of the ⌳ − S states
The dissociation relationships of 12 valence and 9 lowlying Rydberg states are listed in Table II . This makes these states cross and mix and strongly interact with each other. Once the effect of SOC is considered, these ⌳ − S states will split to different ⍀ states with a still more complicated structure.
From the shape of the potential-energy curves in Fig.  1͑a͒ , we believe that the D 2 ⌸͑II͒ and E 2 ⌸͑III͒ states cross at a bond length of about 2.7 Å. According to the avoided crossing rule of states with the same symmetry, the lowerstate dissociates to the ground atomic state ͑S 3 P g +Cl 2 P u ͒ and is assigned as D 2 ⌸͑II͒, while the higher state will dissociate to the excited atomic state ͑S 1 D g +Cl 2 P u ͒ and be assigned to E 2 ⌸͑III͒, which is a Rydberg state. As shown in Table III , the potential well depths of the Figure 2 is the orbital energy diagram of the 9, 3, 4, and 10 MOs, which are obtained from the CASSCF calculation, as functions of the bond length. From this figure, we see that the energies of these MOs become closer with increase of bond length. This provides an explanation for the longer equilibrium bond lengths of the excited states of SCl.
C. Results and analysis of the ⍀ states
The SOC effect causes different ⌳ − S states that have common ⍀ states to recombine. There are altogether 42 states with ⍀ =1/2, 3/2, 5/2, and 7/2 generated from the 21 ⌳ − S states of SCl. Table IV shows the dissociation limits for the possible ⍀ states and the corresponding energy separations. Compared with the results of the ⌳ − S states, the dissociation limit splits into eight asymptotes, of which the ͑S 3 P 2 +Cl 2 P 3/2 ͒ is the lowest one. The PECs of these ⍀ states are plotted separately in Fig. 3 . Except for the first excited state A 4 ⌺ − , there are 19 ⌳ − S states that split into 38 ⍀ states and cross with each other in the excitation energy range of 23 000-35 000 cm −1 . The bound states in this region have rather large equilibrium bond lengths and very shallow potential wells, making the structure of electronic states in this region very complicated. Their transition spectra would overlap each other and be hard to analyze.
The spectroscopic constants of the bound ⍀ states and their dominant ⌳ − S state compositions at R e are given in Table V . The ground state X 2 ⌸ splits into two ⍀ states X 2 ⌸ 3/2 and X 2 ⌸ 1/2 , the spectroscopic constants of which are almost the same as those obtained from the ⌳ − S state cal- Figure 4 shows the computed transition dipole moments of the transitions from The intensity distribution in a band system can largely be explained by the Franck-Condon principle. This can be illustrated by the FC factors assuming that the electronic transition moment does not vary over the band system. The FC factors of transitions from the
D. Transition properties analysis
, and C 2 ⌬ 5/2 states to the ground state X 2 ⌸ 3/2 were evaluated by the LEVEL program 22 and are listed in Table VI . Because the difference of the equilibrium bond length of the ground state and excited states are rather large, the FC factors of those transitions of excited states to the lower vibrational levels of the ground state are rather small. This fact would also make the excited states of the SCl radical very hard to observe experimentally. 
